Background: Guided bone regeneration (GBR) is the most common technique for localized bone augmentation. Purpose: The purpose of this review was to categorize and assess various GBR approaches for the reconstruction of human alveolar bone defects. Materials and Methods: Electronic search of four databases including PubMed/Medline, EMBASE, Web of Science, and Cochrane and hand searching were performed to identify human trials attempting GBR for the reconstruction of alveolar bony defects for at least 10 patients from January 2000 to August 2015. To meet the inclusion criteria, studies had to report preoperative defect dimensions in addition to outcomes of bone formation and/or resorption. Results: Twenty-five human clinical trials were included of which 17 used conventional technique that is the use of space maintaining membrane with bone grafting particles (GBR I). Application of block bone graft with overlying membrane and particulate fillers was reported in seven studies (GBR II), and utilizing cortical bone block tented over a defect preserving particulate fillers was reported by one study (GBR III). A wide range of initial defects' sizes and treatment results were reported. Conclusions: This review introduces a therapeutically oriented classification system of GBR for treating alveolar bone defects. High heterogeneity among studies hindered drawing definite conclusions in regard to superiority of one to the other GBR technique.
IntRoductIon
The irreversible process of three-dimensional (3D) alveolar bone resorption occurs as early as 6 months following tooth loss or extraction that may pose a challenge for predictable implant placement. [1, 2] In addition, inadequate bone volume may jeopardize long-term prognosis of dental implants. [2] [3] [4] Reconstruction of resorbed alveolar ridges has been a goal and a challenge for clinicians to optimize outcomes of oral implant placement. [2] [3] [4] A variety of surgical approaches have been proposed to enhance the alveolar bone volume including but not limited to ridge splitting, distraction osteogenesis (DO), and onlay or particulate bone grafts with or without membranes. [5] [6] [7] [8] Autogenous bone, harvested from extraoral and intraoral donor sites, has been extensively used because of its osseoinductive, osseoconductive, and osteogenic properties. [9] On the other hand, high resorption rate could compromise the clinical outcomes of autogenous bone grafts. [10] [11] [12] [13] Up to 56% autologous cortical bone graft, resorption in 4 months is reported in animal and human studies. [14] [15] [16] [17] In addition, these grafts are associated with morbidity depending on the harvest site. [12, 16] Guided bone regeneration (GBR), by application of cell occlusive membranes that mechanically exclude nonosteogenic cell populations from the surrounding soft tissues, has become a well-documented and highly successful procedure for augmenting the height and width of the atrophic jaw before implant placement as compared to using bone grafts alone. [3, 7, [18] [19] [20] [21] [22] [23] Although both resorbable and nonresorbable membranes have shown clinical effectiveness, resorbable type has become the standard of care because of better soft tissue compatibility. [9, 13, 18] The fundamental characteristics of barrier membranes in regenerative therapy include biocompatibility, cell occlusion properties, integration by the host tissues, clinical manageability, and space-making ability. [24] It has been demonstrated that nonprotected onlay bone grafts may undergo surface resorption whereas graft resorption can be minimized with the use of membranes. [5] Although reproducible outcomes of GBR with high implant survival and low complication rates have been demonstrated, [19, 22, 25] the importance of recipient-site dimensions and its features and impact on the treatment outcomes have been less investigated. [12, 26] It is prudent to evaluate recipient site in addition to surgical technique and donor site to make the best treatment decision. Therefore, the aim of the present systematic review was to assess dental literature focusing on the efficacy of various GBR procedures to increase the width or height of the alveolar bone in edentulous areas before dental implant placement based on the primary defect size.
MateRIals and Methods
The Preferred Reporting Items for Systematic Reviews and Meta-analysis statement was used in this study [27] [ Figure 1 ].
Inclusion criteria
Human clinical trials including case series, cohort studies, and randomized controlled trial attempting reconstruction of alveolar bone through GBR for at least 10 patients with a follow-up period of at least 6 months were included. The included studies had to report the size of the defect in one or two dimensions. Furthermore, a search in the references of included papers was conducted for publications that were not electronically identified.
Search strategy and study selection
Initial screening of titles and abstracts was carried out based on the inclusion and exclusion criteria. Experiments that used animal model and did not determine the size of the defect were excluded. Full texts of all eligible studies were obtained.
Two reviewers (LKH and SRM) extracted and processed data for analysis. In case of any disagreement, an agreement was obtained following a discussion. Characteristics of the included studies and summary of the regenerative outcomes of the studies were extracted and are presented in Tables 1-5 .
Since the focus of the present review was on defects' features, vertical and/or horizontal dimensions of defects were extracted and reported separately [ Tables 1-5 ]. As depicted in Tables 1-5 , the defect size was reported mostly in one dimension. In addition, studies were categorized based on primary defect dimension [ Tables 6 and 7] . Most vertical defects were 3-7 mm and most horizontal defects were <5 mm.
The results of bone formation reported in different ways as amount of bone gain, percentage of bone formation, or bone resorption information were extracted as well. Implant survival or success rate and the approach of implant placement (simultaneously or staged) were evaluated if applicable. Two out of 25 studies only focused on bone regeneration outcomes with no report on subsequent implant placement. [5, 13] 
Classification
In the current review, GBR is classified into three categories based on the used materials and techniques; Type I is the use of space maintaining membrane with particulate fillers, Type II is application of block bone graft and particulate fillers with overlying membrane, and Type III is cortical bone block tenting over a defect preserving particulate fillers.
For further evaluation of the outcomes, the data were classified based on the defect size ranges. This classification was aimed to compare the postoperative results regarding the primary defects' features.
Results
Initial search retrieved a total of 2007 citations. Following initial screening of titles and abstracts and final screening of full texts, 25 studies met the inclusion criteria and included for the final evaluation [ Figure 1 ]. Due to wide variation of study designs regarding the size and location of defects, the results were categorized based on GBR type. Included studies were classified as GBR Type I using resorbable membrane, GBR Type I using nonresorbable membrane, GBR Type I comparing the use of resorbable and nonresorbable membrane, GBR Type II, and GBR Type III.
Among the 25 included studies, 17 studies [3, 5, 7, 9, 10, 13, 18, 19, 21, 22, 26, [28] [29] [30] [31] [32] [33] had applied GBR I, seven applied GBR II, [6, [34] [35] [36] [37] [38] [39] and one used GBR III. [2] Guided bone regeneration Type I
Utilization of resorbable membrane
Thirteen studies used different types of resorbable barrier membranes. Eight selected collagen membrane; [3, 5, 7, 9, 13, 18, 28, 30] two assessed the use of synthetic membrane (BioGide and glycolide/trimethylene carbonate). [10, 26] In another experiment, resorbable polylactic membrane was the choice. [21] Two studies did not mention the exact type of the biodegradable membrane they used. [29, 31] In one study, polyethylene glycol (PEG) hydrogel membrane was utilized. [28] In 11 out of 13 studies, implants were inserted; seven by staged approach [9, 10, 21, 26, [29] [30] [31] and four simultaneously; [3, 18, 28, 30] however, only six studies reported the implants' outcomes. [3, 7, 9, 10, 18, 26] Horizontal defect dimensions were reported in eight experiments ranging from 1 to 5.5 mm. [3, 5, 7, 9, 10, 18, 21, 30] Urban et al. [26] demonstrated 5.56 mm of new bone formation with glycolide and trimethylene carbonate after 8-12 months. Similar outcome was reported in another study by Urban et al., [9] in which a mixture of particulate autogenous bone graft and bovine bone mineral was covered with bilayer collagen membrane resulting in 5.68 mm ridge width augmentation during 8-9 months. In another study using collagen membrane and demineralized bovine bone mineral, mean crestal bone width increased from 3.2 mm to 6.9 mm after 9-10 months. [7] Three experiments defined preoperative defects' height. [13, 28, 29] One study reported mean vertical defect fill of 5.63 mm in the group reconstructed with bovine bone mineral and collagen membrane and 4.25 mm in bovine bone mineral plus PEG hydrogel membrane group, [28] and another study reported 8.6 mm vertical gain after the usage of ramus bone, bovine bone particles, and recombinant human platelet-derived growth factor. [29] Another experiment demonstrated mean vertical bone gain of 3.47 mm in defects with initial height of >3 mm and horizontal bone gain of 5 mm for freeze-dried bone allograft (FDBA) group and 3.5 mm vertical bone gain and 3.6 mm in tented group. [13] 
Utilization of nonresorbable membrane
Among total 17 studies in GBR Type 1 classification, three utilized nonresorbable membrane. [19, 22, 32] Two used expanded polytetrafluoroethylene (ePTFE) [19, 22] and one did not mention the exact material of membrane. [32] All three were prospective clinical trials. One focused on horizontal augmentation of defects ranging from 3 to 9 mm, [32] while the other two treated vertical defects. [19, 22] In one study, using ePTFE and autologous bone plus allograft resulted in 4.91 mm bone formation and dense polytetrafluoroethylene (dPTFE) plus the same bone substitutes showed 5.49 mm vertical bone gain. [22] All experiments reported implant placement; two Contd... [26] Pros. CS (26- Contd... [22, 32] and one staged [19] and one implant failure was reported in one study. [32] 
Comparison of resorbable and nonresorbable membranes
One study reported preoperative defect dimensions based on Cawood and Howell classification which compared collagen membrane with ePTFE (resorbable membrane vs. nonresorbable). [33] Implants were inserted simultaneously without failure. [33] Guided bone regeneration Type II Initial defect's width was reported in five studies. [6, [35] [36] [37] 39] The defects' horizontal width ranged from 1 to 5 mm. Using cancellous FDBA block bone and particulate mineralized cortical allograft plus collagen membrane led to mean horizontal bone gain of 4.6 mm (123%). [36] In all experiments reporting preoperative horizontal dimension, implants were placed; three staged, [35] [36] [37] one simultaneously, [6] and one used both techniques. [39] Only one study reported survival rate of implants (100%). [36] One experiment measured both dimensions and reported 5 mm mean horizontal and 2 mm mean vertical bone augmentation. [38] Collagen membrane was the only type of membrane used in all seven studies. [6, [34] [35] [36] [37] [38] [39] The block bone grafts were harvested from symphysis, [6, 34, 39] ramus, [34, 39] demineralized FDBA (DFDBA), [35] FDBA, [36, 38] iliac, [37] retromolar area, [6, 39] and tuberosity. [6, 39] Guided bone regeneration Type III One study implemented GBR III approach. [2] Khojasteh et al. reported both vertical and horizontal bone gain; 4.31 mm as the greatest horizontal augmentation and 4.25 mm as greatest vertical bone gain. [2] In their study, bone blocks were obtained from ramus, chin, and tuberosity in addition to allograft bone blocks (AlloOss).
[2] They reported 2.1% of implant failure.
[2]
The following classification is proposed in this study for easier comparison of outcomes reported on new bone formation:
Vertical augmentation Comparison of guided bone regeneration I results in vertical defects <3 mm and >7 mm
Nissan et al. [38] showed 2 mm mean vertical bone gain in vertical defects of smaller than 3 mm in the anterior region of both jaws which consisted of FDBA block graft, particulate bovine bone mineral, and collagen membrane, while another study with 7-8 mm bone above inferior alveolar nerve augmented with the use of ramus and symphysis block grafts, particulate autogenous bone, and collagen membrane demonstrated average marginal bone loss of 0.7 mm using autogenous block bone graft and 0.6 mm for implant placement in native bone [34] [ Table 6 ]. 
Comparison of guided bone regeneration I results in vertical defects 3< x <7 mm and >7 mm
Nemcovsky and Artzi used GBR I method with resorbable membranes and reported 75.2%-88.8% reduced defect height in the reconstruction of vertical defects larger than 3 mm and smaller than 7 mm. [30] Another study on the same defect dimensions and by utilization of collagen membranes reported new bone formation of 3.47 mm in group treated with FDBA and 3.5 mm in group that bilayer technique was used. [13] On the other hand, 2.4-5.1 mm bone gain was reported in vertical defects [19] In addition, Ronda et al. reported mean defect fill of 5.49 mm using dPTFE and 4.91 mm with ePTFE in similar bony defect size. [22] The bone substitute in their study was a combination of autogenous and allogenic grafts [22] [ Table 6 ].
Horizontal augmentation Comparison of guided bone regeneration I results in horizontal defects <5 mm and 5< x <9 mm
All three GBR approaches were performed for horizontal ridge augmentation smaller than 5 mm. Utilization of resorbable membrane in GBR Type I for horizontal defects ranging from 2.5 to 5 mm led to 3.5 mm ridge width gain in either anterior or posterior parts of the maxilla. [3] von Arx and Buser showed 4.6 mm mean horizontal bone gain (ranging from 2 to 7 mm) with the same method (GBR I with resorbable membrane) using collagen membrane and autogenous bone graft for horizontal bone defects of 3.06 mm in anterior and posterior regions of both jaws. [5] In the aforementioned study, mean width of augmented ridge was 8.02 mm. [5] In addition, Kfir et al. reported bone gain of 1.3-3.9 mm in defects larger than 5 mm and smaller than 9 mm [31] [ Table 7 ].
Comparison of guided bone regeneration II and guided bone regeneration III results in horizontal defects <5 mm
Barone and Covani [37] used iliac block graft and porcine bone particles in the anterior and posterior maxillary defects smaller than 5 mm and showed 0.05 mm mean bone loss, while Boronat et al. chose intraoral block bone and particulate bone for similar bony defect sizes in anterior and posterior locations of jaws which resulted in 0.64 mm mean bone resorption during the 1 st year. [6] 0-2 mm bone resorption was reported in horizontal defects ranged from 1 to 5 mm in the anterior and posterior maxilla and mandible with the use of DFDBA block bone, Type 1 collagen membrane, and pericardium. [35] GBR Type III in the same defect size group demonstrated 4.31 mm width increase [2] [ Table 7 ].
dIscussIon
Several augmentation techniques have been proposed to enhance the outcomes of atrophic jaw reconstruction; however, the recipient-site features as well as the type of [28] 1
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Previously, morphologic classifications for homogenizing the future study designs on different types of defects have been carried out for peri-implant defects, [40] extraction socket defects, [41] posterior maxillary defects with sinus pneumatization, [42] and vertical alveolar defects. [43] Tinti et al. proposed a classification of defects related to immediate or staged dental implant placement which was only based on the amount of deficiency, nonetheless; complicated defects with combined deficiencies could not be evaluated by that classification. [44] The anatomic site of the defect might influence the outcome of bone regeneration. Anterior and posterior segments of the mandible and maxilla demonstrate different bone qualities; [11, 12, 45] therefore, it might be prudent to select the donor site close to recipient site if applicable. It is noteworthy that measuring the preoperative defect size and also the amount of augmentation immediately after bone grafting is necessary since the area, size, and contour of the bone regeneration and bone resorption are dictated by the size and shape of the undeveloped alveolar ridge. [2, 25] It has been shown that the width at the base of the defect facilitates space provision and influences bone regeneration through GBR. [46] Evidently, in small defects, the need for augmentation and therefore the expected gain are slightly smaller than in larger defects. [13] The augmentation of large defects appears to be more challenging and more technique sensitive that is mainly done with incorporation of block bone grafts. [12] The cancellous block graft can be modified to comply with the height and width of new generated bone while contour and size of cortical bone grafts are difficult to control for their inherent shape. [25] Cortical bone block is not able to maintain long-term 3D stability since they have resorption rate up to 60% at the time of implant placement; however, cancellous block graft showed up to 10% of resorption. [25] On the other hand, there are significant differences in the healing process of autogenous cortical versus autogenous cancellous grafts also in their mechanical strength. [47] In contrast to cortical bone, cancellous bone revascularizes faster and is strengthened by creeping substitution. [47] In addition, cancellous grafts are strengthened during the repair process, whereas cortical grafts are weakened. [47] As mentioned previously, bone augmentation with block bone graft is generally associated with some subsequent bone resorption. [38] To prevent bone resorption during healing period, membranes are useful; however, the resorption still occurs to some extent. [2, 38, 39] A marked resorption of 17% was reported for onlay block bone grafts used for vertical alveolar ridge augmentation. [5] Selection of appropriate barrier membrane is essential for success in GBR. Spontaneous membrane exposure has an adverse effect on newly bone formation since at the site of exposure barrier function is lost, whereas in cases with no membrane exposure significantly, more new bone formation would be expected. [13] Larger defects might lead to greater risk of membrane exposure and they may require longer barrier function time; [2, 13] therefore, GBR I might only be appropriate for localized and smaller bony defects. [2] The amount of bone fill with resorbable membrane was similar to that obtained with the ePTFE and dehiscence seems to be less frequent when using resorbable membrane compared with nonresorbable ePTFE. [7, 33] It has been shown that maintaining enough space beneath the membrane is crucial for GBR. [36] Membrane collapse comprises the outcome of GBR techniques. [36] An experimental histological study in the beagle dog has shown that a nondesired biologic effect occurs when the resorption of the degradable membrane starts, provoking resorption of the newly formed bone; therefore, the nonresorbable membrane might provide better results since it stabilizes the blood clot and bone substitute on the implant surface which is important in the early phase. [36] Previous in vitro studies demonstrated that osteoblasts can generate a harder, stiffer, and more mineralized matrix on a titanium surface compared to other bioinert materials, highlighting advantages of titanium mesh in volume maintenance as well as osteocompatibility. [33] On the other hand, soft tissue problems have encouraged the development of resorbable membranes. [9] Success rate of implants placed in ridges following GBR procedures ranges from 61.5% to 100% and survival rate ranges from 91.7% to 100%. [25] A systematic review comparing different techniques reported implant survival rate of 95.5% for GBR, 90.4% for onlay/veneer grafting, 94.7% for DO, and 83.8% for combinations of onlay, veneer, and interpositional inlay grafting. [25] In the present study, we have reported 95%-100% survival rate and 91.1%-95.9% success rate of implant placement among all GBR approaches.
Some controversies still exist regarding simultaneous implant placement with GBR. [25] Simultaneous implant insertion with block grafts offers the advantages of shortened treatment time and a reduction in the required number of surgical interventions. [36] The most important issues to be addressed are primary stability and optimal positioning of the implant. [4, 36] If insufficient bone remains to provide primary stability and proper implant positioning, delayed implant placement is more appropriate. [38] Although one-stage surgery reduces the surgical interventions and healing time, better results with two-staged approach have been reported compared to one-stage approach which have been associated with the revascularization process of the block grafts allowing a good integration to the recipient site. [25] Since cancellous bone grafts revascularize much more quickly while cortical bone is much stronger, combination of both promotes early vascularization and maximum graft maintenance. [25] It is not reasonable to compare studies in which horizontal GBR has been performed with those presenting outcomes of vertical GBR. With the current systematic review, proposal of different GBR treatment options based on the defect size would mostly retort clinical outcomes than evidences. The classification was not concentrated on suggesting definite GBR treatments based on the variations in defect size. Rather, it was designed to refine the focus of prospective experiments on designing the most appropriate study to compare the results and to improve the standard of care for patients.
conclusIons
This review of literature demonstrated that information regarding the characteristics of the initial dimension of defects is not incorporated in most of the studies. There is a large body of evidence demonstrating the successful use of GBR to regenerate resorbed bone at implant sites. The lack of accord with regard to determining the most efficacious procedure might rise from uneven methodology of studies. The proposed classification considers the different outcomes of vertical and horizontal bone augmentation using GBR approaches. The limited number of comparative studies does not provide sufficient evidence to select the most appropriate procedure; however, attention to this classification in the future experiments might eliminate the effect of recipient site's morphology on the accomplished results. The presented classification of bone defects is meant as a basis on which clinicians make the most appropriate decision regarding the choice of the best method.
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